The baculovirus Autographa californica multiple nucleopolyhedrovirus (AcMNPV) is an insect virus possessing a 134-kb double-stranded circular DNA genome (3) . Due to the strong polyhedrin and p10 promoters, baculovirus is commonly used as a tool for the large-scale production of recombinant protein in insect cells (32, 38) . Baculovirus is also capable of entering into a variety of mammalian cells to facilitate the expression of foreign genes under the control of the mammalian promoters without replication of the viral genome (8, 21, 61) . Therefore, baculovirus is a useful viral vector, not only for the abundant expression of foreign genes in insect cells, but also for efficient gene delivery to mammalian cells (29) . AcMNPV has a number of unique beneficial properties as a viral vector, including a large capacity for foreign gene incorporation, easy manipulation, and replication competence in insect cells combined with incompetence in mammalian cells. Therefore, the possibility of generating replication-competent revertants expressing baculoviral gene products, which can often lead to harmful immune responses against mammalian cells, is significantly lower than for other viral vectors presently in use. Furthermore, studies of host responses to baculovirus infection in vivo revealed that AcMNPV can stimulate interferon production in mammalian cell lines, conferring protection from lethal encephalomyocarditis virus infections in mice (18) . Intranasal inoculation with AcMNPV also induces a strong innate immune response, protecting mice from lethal challenges of influenza A or B virus (1) . The precise mechanism of protective immune response induction by AcMNPV, however, remains unclear.
Recently, several groups have reported enhanced gene transfer in a variety of cell lines infected with recombinant baculoviruses expressing either foreign viral envelope proteins, such as vesicular stomatitis virus envelope G protein (VSVG), or excess amounts of the endogenous envelope glycoprotein, gp64, on the virion surface (4, 65, 66) . Although modification of the virion surface enhances the efficiency of gene transduction into a variety of cell lines, the utility of recombinant baculoviruses in cell-type-specific gene transduction is still unsatisfactory. Ojala et al. demonstrated that, while baculoviruses bearing either a single chain antibody fragment specific for carcinoembryonic antigen or a synthetic immunoglobulin G (IgG) binding domain derived from protein A could specifically bind target cells, cell type-specific gene transduction was unsuccessful (44, 45) . Although gp64-null pseudotype baculoviruses expressing a foreign viral envelope protein, such as VSVG or fusion envelope glycoproteins from other baculoviruses, exhibited high infectivity to insect cells, their capacity for gene transduction into mammalian cells has yet to be explored (33, 34) . The inefficiency of present gene transfer vectors in gaining entry into cells needing treatment can be problematic, as many therapeutic genes may be deleterious if delivered to bystander cells. Therefore, the development of a ligand-directed gene delivery vector capable of distinguishing between cDNAs encoding human CD46 and signaling lymphocyte activation molecule (SLAM; also known as CDw150) were amplified from the genomic DNAs of CHO/CD46 (kindly provided by T. Seya) (25) and CHO.SLAM (kindly provided by Y. Yanagi) (67) cells, respectively, by PCR. The CD46-Fw (1st) (5Ј-TTT CCTCCGGAGAAATAACAGC-3Ј) and CD46-Rv (1st) (5Ј-CTAAGCCAC AGTTGCACTCATG-3Ј) primers were used to amplify CD46 cDNA, and the SLAM-Fw (1st) (5Ј-TGACACGAAGCTTGCTTCTG-3Ј) and SLAM-Rv (1st) (5Ј-GTCGACCTTTGTTGGTCTCTGGTG-3Ј) primers were used to amplify SLAM cDNA. These PCR products were used as templates for a second PCR with the primers CD46-Fw-HindIII (5Ј-CCCCAAGCTTCCGCGCCGCG CATGGG-3Ј) and CD46-Rv-SalI (5Ј-TTTTGTCGACTCAGCCTCTCTGCTC TGCTG-3Ј) to amplify CD46 cDNA and SLAM-Fw-HindIII (5Ј-CCCCAAGC TTCCTCATTGGCTGATGGATC-3Ј) and SLAM-Rv-SalI (5Ј-AAAAGTCGA CTCAGCTCTCTGGAAGTGTCA-3Ј) to amplify SLAM cDNA. The amplified CD46 and SLAM cDNAs were digested with HindIII and SalI and then cloned into the HindIII-SalI sites of pAF-MCS2 to create pAFCD46 and pAFSLAM, respectively. The CD46 and SLAM cDNAs were excised from pAFCD46 and pAFSLAM, respectively, by digestion with HindIII, extension with Klenow enzyme, and redigestion with XbaI and cloned into pFASTBAC1. To generate pFBCD46CAluc and pFBSLAMCAluc, the DNA fragments encoding the polyhedrin promoter and either the CD46 gene or the SLAM gene were excised from pFBCD46 or pFBSLAM, respectively, by digestion with SnaBI and PvuI and cloned into pFBCAluc. A mutant SLAM gene, SLAMcyto7, possessing a truncated cytoplasmic domain of 7 amino acids, was generated by PCR with the primers SLAM-Fw-SmaI (5Ј-CCCCCCGGGCCTCATTGGCTGATGGATC-3Ј) and SLAM-7aa-stop-Rv-SalI (5Ј-GGGGGGTCGACTCAGTTCGTTTT ACCTCTTCTTCTCAAC-3Ј). This PCR product was digested with SmaI and SalI and then cloned into the SmaI-SalI sites of pAF-MCS1 to create pAFSLAMcyto7. To construct pFBSLAMcyto7CAluc, the SLAMcyto7 gene was excised from pAFSLAMcyto7 and substituted for the full-length SLAM gene of pFBSLAMCAluc. All plasmids containing PCR-derived sequences were confirmed by sequence analyses. For infection with pseudotype baculoviruses bearing CD46 or SLAM, we transfected target cells with expression plasmids encoding either the hemagglutinin and fusion proteins of the Edmonston strain (EdH and EdF) or those of the Ichinose strain (IcH and IcF) measles viruses. The pCA-EdH, pCA-EdF, pCA-IcH, and pCA-IcF plasmids were kindly provided by K. Takeuchi (63) .
Construction of pseudotype baculoviruses. The gp64 gene of the AcMNPVbacmid (bMON14272; Invitrogen) was replaced with the chloramphenicol acetyltransferase (CAT) gene as described previously with slight modifications (5, 33) . Briefly, the CAT gene was amplified by PCR with the Chl-Fw-SpeI (5Ј-GGAC TAGTCCGAATAAATACCTGTGACGG-3Ј) and Chl-Rv-BglII (5Ј-GAAG ATCTCGTCAATTATTACCTCCACGG-3Ј) primers using the pBT plasmid (Stratagene, La Jolla, Calif.) as a template. Following digestion with SpeI and BglII, the amplified CAT gene replaced the gp64 gene of pUCgp64locus to create p64locus/cat. To construct a gp64-null AcMNPV-bacmid, bMON⌬64/cat, the p64locus/cat plasmid was linearized by digestion with NdeI and cotransfected with bMON14272 into Sf9 cells. Forty-eight hours posttransfection, the cells were washed with cold phosphate-buffered saline and lysed in proteinase K buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM EDTA, and 0.5% sodium dodecyl sulfate [SDS]). DNA was purified from cell lysates by phenol-chloroform extraction and then transformed into Escherichia coli DH10B competent cells (Invitrogen) by electroporation using a Gene Pulser (Bio-Rad, Hercules, Calif.). Resistant colonies were selected in kanamycin and chloramphenicol. Disruption of the gp64 gene was confirmed by PCR in a bMON14272-transformed colony that was resistant to kanamycin and chloramphenicol (Fig. 1A) . To generate DH10Bac⌬64/cat, we cotransfected bMON⌬64/cat and the helper plasmid pMON7124 into DH10B cells. To construct recombinant bacmids, DH10Bac⌬64/ cat was transformed with transfer vectors and selected according to the manufacturer's instructions. To separate recombinant bacmids from the pMON7124 helper plasmid, miniprep bacmid DNA was transformed into DH10B cells by electroporation. To generate pseudotype baculoviruses, bacmids lacking the gp64 gene and possessing both an exogenous ligand gene and the luciferase gene under the polyhedrin and CAG promoters, respectively, were transfected into Sf9 cells. Fifteen micrograms of the bacmid DNA was used to transfect 5 ϫ 10 6 Sf9 cells in a 10-cm-diameter dish by using 30 l of UniFector reagent (BBridge). Four days after transfection, 500 ml of culture supernatants (50 dishes) was harvested. The resulting pseudotype baculoviruses, Ac⌬64/gp64/ CAluc, Ac⌬64/VSVG/CAluc, Ac⌬64/CD46/CAluc, Ac⌬64/SLAM/CAluc, and Ac⌬64/SLAMcyto7/CAluc, were concentrated ϳ2,000 times by ultracentrifugation as described previously (66) . The number of virus particles was determined from the signal intensity by Western blotting for the capsid protein vp39. Although both Ac⌬64/gp64/CAluc and Ac⌬64/VSVG/CAluc infected and repli-FIG. 1. (A) Schematic representations of the gp64 loci of the AcMNPV (bMON14272) and gp64-null AcMNPV (bMON⌬64/cat) bacmids. The gp64 gene (BglII/SpeI fragment corresponding to 108,033 to 109,761 nt) (3) of bMON14272 was replaced with the CAT gene by homologous recombination. The arrows indicate the locations of the PCR primers within the gp64 loci. (B) Construction of the recombinant bacmid bMON⌬64/ligand/CAluc. The gp64 gene in bMON14272 was replaced with the CAT gene. The desired ligand and luciferase genes were inserted under the control of the polyhedrin and CAG promoters, respectively, within the polyhedrin locus. (C) The bacmids bMON⌬64/ligand/CAluc and bMON14272 and plasmids containing the gp64 locus, pUC/gp64locus, and p64locus/cat (the gp64 locus with the CAT gene replacement) were amplified by PCR using primers specific for gp64, the gp64 locus, and vp39, a nucleocapsid protein of AcMNPV used as an internal control. Primers for gp64 and vp39 amplified fragments of 1,558 and 900 bp, respectively. The gp64 locus primers generated 2,741-and 2,143-bp fragments corresponding to the wild-type gp64 locus and the mutant locus with the CAT gene replacement shown in panel A, respectively. (D) Sfgp64 and Sf9 cells were transfected with bMON⌬64/GFP/CAluc. GFP expression was examined by fluorescence microscopy 4 days posttransfection. To confirm the absence of gp64 in the bacmids, we synthesized oligonucleotide primers specific for the gp64 gene, the gp64 locus, and the vp39 gene as follows: for the gp64 gene, gp64-Fw (Bgl) (5Ј-AAAGATCTACCATGGTAAGCGCTATTGTTT-3Ј) and gp64-Rv (Sal) (5Ј-TTGTCGACTTAATATTGTCTATTACGGTTT-3Ј); for the gp64locus, gp64locus-Fw (5Ј-GCACGGATTGGGGAGAGGACGGATTTT-3Ј) and gp64locus-Rv (5Ј-AGCTCGTTATTCAAGTGTCCCGCGTAC-3Ј); and for vp39, vp39-Fw (5Ј-ATATGGCGCTAGTGCCCGTGGGTATGG-3Ј) and vp39-Rv (5Ј-GACGGCTATTCCTCCACCTGCTGCCTG-3Ј). PCR amplification was performed using Taq DNA polymerase (Invitrogen) according to the manufacturer's protocol. Stability of pseudotype baculoviruses during passage in Sfgp64 cells. Culture supernatants from Sfgp64 cells transfected with recombinant bacmids were harvested 4 days after transfection. After serial passage in Sfgp64 cells for 4 days, each Sfgp64 cell supernatant was inoculated into Sf9 cells. The culture supernatants were further inoculated into Sf9 cells to examine the generation of replication-competent revertants during the replication in Sfgp64 cells. The presence of replication-competent virus in the culture supernatants was assessed by the appearance of cytopathic effect and GFP expression in Sf9 cells. GFP expression in insect cells was observed by fluorescence microscopy (UFX-II; Nikon, Tokyo, Japan). The generation of replication-competent viruses incorporating gp64 was examined by PCR using the viral DNA as a template. The supernatants of Sfgp64 cells were concentrated by centrifugation at 18,000 ϫ g for 45 min at 4°C. Viral DNA, purified from replication-competent revertants by phenol-chloroform extraction, was examined by Southern blot analysis. DNA was digested with BglII or PstI, separated by electrophoresis on a 0.6% agarose gel, and transferred to a Hybond Nϩ nylon membrane (Amersham Biosciences, Piscataway, N.J.). PCR primers [gp64-Fw (Bgl) and gp64-Rv (Sal) for the gp64 gene or vp39-Fw and vp39-Rv for the vp39 gene] were used to amplify the target fragments for use as hybridization probes. PCR products were purified and labeled using the ECL direct nucleic acid labeling and detection system (Amersham Biosciences) according to the manufacturer's instructions. Fragments containing the gp64 or vp39 gene were visualized using image analyzer LAS-3000 (Fujifilm, Tokyo, Japan).
Incorporation of ligands into pseudotype particles. To examine the expression of ligand proteins in insect cells or the incorporation of the ligands into pseudotype particles, cell lysates or purified baculoviruses were separated by SDSpolyacrylamide gel electrophoresis and electroblotted onto Hybond-P polyvinylidene difluoride membranes (Amersham Bioscience). After being blocked in phosphate-buffered saline containing 5% skim milk and 0.05% Tween 20 (Sigma), the membranes were incubated at room temperature for 1 h with a rabbit polyclonal anti-CD46 antibody (H-294; 1:200) (Santa Cruz, Santa Cruz, Calif.) or one of the following mouse monoclonal antibodies: anti-gp64 (AcV5; 1:1,000) (kindly provided by P. Faulkner) (22) , anti-VSVG (P5D4; 1:2,000) (Sigma), anti-SLAM (123317; 1:200) (R&D systems, Minneapolis, Minn.), or anti-vp39 (236; 1:2,000) (kindly provided by G. F. Rohrmann) (51) . The membranes were then incubated in horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG antibodies at room temperature for 1 h. Immunoreactive bands were visualized using enhanced-chemiluminescence Super Signal West Femto substrate (Pierce, Rockford, Ill.) (47) .
Reporter gene expression by pseudotype baculoviruses. Ac⌬64/gp64/CAluc and Ac⌬64/VSVG/CAluc baculoviruses were inoculated into 3.0 ϫ 10 4 293T and BHK cells. Twenty-four hours after infection, the cells were lysed in Bright-Glo luciferase substrate (Promega, Madison, Wis.) according to the manufacturer's instructions. Relative light units were measured using a luminometer (AB-2200; ATTO Co. Ltd., Tokyo, Japan). To demonstrate ligand-directed gene targeting by Ac⌬64/CD46/CAluc, Ac⌬64/SLAMCAluc, and Ac⌬64/SLAMcyto7/CAluc baculoviruses, 3.0 ϫ 10 4 BHK cells were cotransfected with either pCA-EdF and pCA-EdH or pCA-IcF and pCA-IcH and then infected with 5.0 ϫ 10 6 RIU of pseudotype baculoviruses at 24 h posttransfection. Luciferase expression was determined after a 24-h incubation.
Inhibition of gene transduction by specific antibodies against ligands. To examine ligand-directed gene transduction by pseudotype baculoviruses, we examined the neutralization of gene transduction by antibodies specific for the ligands presented by the pseudotypes. The appropriate dilutions of anti-gp64 (AcV1), anti-VSVG (I1) (kindly provided by M. A. Whitt) (30), anti-CD46 (M75) (Seikagaku Co. Ltd., Tokyo, Japan), or anti-SLAM (IPO-3) (Biodesign International, Saco, Maine) antibodies were preincubated with each virus (10 6 RIU) at 37°C for 60 min and then inoculated into the appropriate target cells. After incubation at 37°C for 24 h, we determined the neutralization by the included antibodies from the reduction of luciferase expression.
Entry of pseudotype baculovirus into target cells. BHK cells expressing hemagglutinin and fusion proteins derived from the Edmonston strain of measles virus were preincubated with either ammonium chloride (2, 10, or 50 mM) (Wako Pure Chemical Industries, Osaka, Japan) or chloroquine (20, 100, or 500 M) (Sigma) for 1 h. The cells were then inoculated with 1.0 ϫ 10 6 RIU of Ac⌬64/CD46/CAluc, Ac⌬64/gp64/CAluc, or Ac⌬64/VSVG/CAluc in the presence of the above-mentioned reagents. The effects of ammonium choloride and chloroquine on gene transduction by pseudotype baculoviruses were determined by the changes in luciferase expression.
Electron microscopy. Viral particles purified by ultracentrifugation as described above were put onto carbon-coated copper 400-mesh electron microscopy grids for 15 min. After being washed in water, the grids were negatively stained with 1% (wt/vol) uranyl acetate and examined using a Hitachi (Tokyo, Japan) H-7100 electron microscope at 75 kV. For immunoelectron microscopy, virus particles put onto grids were incubated with murine monoclonal antibodies specific for VSVG (I1) or CD46 (E4.3) (Santa Cruz) and then treated with a gold particle-conjugated anti-mouse IgG antibody (British Biocell International, Ltd., Cardiff, United Kingdom). Samples were stained and observed as described above. (Fig. 1A) . We cotransfected bMON14272 and a linearized p64locus/cat plasmid bearing the CAT gene in place of the gp64 gene into Sf9 cells. DNA, extracted from the cells 48 h after transfection, was then transformed into competent DH10B cells. The disruption of the gp64 gene in colonies selected with kanamycin and chloramphenicol was confirmed by PCR (data not shown). We also constructed a recombinant bacmid, bMON⌬64/GFP/ CAluc, which contained the insertion of the GFP gene under the control of the polyhedrin promoter and the luciferase gene under the control of the CAG promoter into the polyhedrin locus of the gp64-null bacmid (Fig. 1B) . Disruption of gp64 in bMON⌬64/GFP/CAluc was confirmed by PCR using a series of specific primers (Fig. 1C) . PCR with primers specific for the vp39 gene, used as an internal control for the AcMNPV bacmid, amplified a 900-bp product from both the bMON⌬64/ GFP/CAluc and parent bMON14272 bacmids. The gp64 gene (1,558 bp) was amplified from bMON14272 and pUC/64locus, but not from bMON⌬64/GFP/CAluc and p64locus/cat. The 2,741-and 2,143-bp fragments corresponding to the wild-type and mutant gp64 genes, respectively, were amplified using gp64 locus-specific primers. The wild-type gene was amplified from bMON14272 and pUC/gp64locus, while the mutant gene was amplified from bMON⌬64/GFP/CAluc and p64locus/cat ( Fig. 1A and C) . These data indicate that the gp64 gene was replaced with the cat gene in bMON⌬64/GFP/CAluc. Previous studies demonstrated that gp64-null AcMNPV could propagate in Sf9 or Sf9 Op1D cell lines constitutively expressing the gp64 protein of Orgyia pseudotsugata NPV (OpNPV) but not in untransfected Sf9 cells (40, 49) . We then established a cell line, Sfgp64, constitutively expressing the gp64 gene derived from AcMNPV. The pAFgp64 plasmid, carrying the gp64 gene of AcMNPV without any flanking sequence, was used to avoid homologous recombination between the viral genome and the plasmid. To examine the replication competency of gp64-null AcMNPV (Ac⌬64/GFP/CAluc), Sfgp64 and Sf9 cells were transfected with bMON⌬64/GFP/CAluc. We assessed the propagation of infectious virus by measuring GFP expression by fluorescence microscopy. Forty-eight hours posttransfection, ϳ10% of the Sfgp64 and Sf9 cells were GFP positive (data not shown). While Sfgp64 cells exhibited the spread of infection 96 h posttransfection, Sf9 cells did not (Fig. 1D) . These data indicate that Ac⌬64/GFP/CAluc can replicate only in Sfgp64 cells, not in Sf9 cells.
RESULTS

Construction of recombinant
Appearance of revertants incorporating the gp64 gene during replication in Sfgp64 cells. To determine the stability of Ac⌬64/GFP/CAluc during replication in Sfgp64 cells, we serially passaged Ac⌬64/GFP/CAluc in Sfgp64 cells. Culture supernatants of Sfgp64 cells collected 4 days after transfection with bMON⌬64/GFP/CAluc (passage 1) were inoculated into Sfgp64 cells. The supernatants were further passaged in Sfgp64 cells for 4 days. To examine the appearance of replicationcompetent viruses, the culture supernatants from each passage were inoculated into Sf9 cells. At 4 days postinfection, we examined GFP expression in Sf9 cells by fluorescence microscopy ( Fig. 2A) . The expression of GFP was observed in Sf9 cells inoculated with Sfgp64 culture supernatants, irrespective of the passage history. As gp64-negative Ac⌬64/GFP/CAluc baculovirus only transiently carries gp64, progeny viruses produced in Sf9 cells should not be infectious. The supernatants of Sf9 cells inoculated with supernatants recovered after Ͼ3 passages (passages 3, 4, and 5) with Sfgp64 cells exhibited infectivity to Sf9 cells, suggesting the generation of replicationcompetent revertants incorporating the gp64 gene into the viral genome. To confirm the incorporation of gp64 into the viral genome, virus particles were purified from the supernatants of each Sfgp64 passage. The presence of the gp64 gene within the viral genome was determined by PCR. We detected the gp64 gene in viruses obtained from the culture supernatants of passages 3, 4, and 5 but not in those from the first and second passages (Fig. 2B) . Furthermore, PCR amplification of viral DNA with the gp64 locus-specific primers revealed that a 2,143-bp fragment, corresponding to the mutant form, was detected in the genome of Ac⌬64/GFP/CAluc, while a 2,741-bp fragment, corresponding to the wild-type form, was amplified from Ac14272, irrespective of the number of passages. These results confirmed that the emergence of replicationcompetent virus during the passage in Sfgp64 cells is not due to the contamination of the parental virus, Ac14272. The recombinant virus incorporated the gp64 gene into the Ac⌬64/GFP/ CAluc genome during propagation in Sfgp64 cells.
Plasmid DNA can be integrated into multiple sites within the viral genome by nonhomologous recombination upon cotransfection of plasmid DNA with the baculovirus genome in Sf9 cells (71) . To determine if gp64 genes integrated into the baculovirus genome by nonhomologous recombination during propagation in Sfgp64 cells, we analyzed the DNAs of three independent revertant viruses by PCR and Southern blot analyses. Viral DNA was extracted from these revertant viruses and analyzed by PCR as described above (Fig. 3A) . We detected the gp64 gene in all revertant viruses and bMON14272 but not in the parental bacmid, bMON⌬64/GFP/CAluc. The gp64 locus primers amplified the mutant 2,143-bp fragment from all revertant viruses and the parental bMON⌬64/GFP/ CAluc bacmid, not the 2,741-bp wild-type fragment that could be amplified from bMON14272. These results confirmed that the three independent revertant viruses, instead of deriving from contaminating wild-type virus, had incorporated the gp64 gene into their genomes exogenously. DNA from the revertants was digested with BglII or PstI, which do not digest sequences within the gp64 or vp39 genes, and hybridized to gp64-or vp39-specific probes (Fig. 3B) . If the gp64 gene integrated into the viral genome by nonhomologous recombination, the digested fragments containing the gp64 gene would be of different sizes. Following digestion with BglII, the DNA fragments containing the gp64 gene in the revertants differed in size from each other (Fig. 3B, lanes 3 to 5) . When digested with PstI, the sizes of the fragments containing the gp64 gene were similar in revertant clones 2 and 3 (Fig. 3B, lanes 9 to 10) , indicating that the gp64 gene may have integrated into nearby sites in the viral genomes of clones 2 and 3. The fragment containing the gp64 gene in revertant clone 1 following digestion with either BglII or PstI was similar to that seen in bMON14272 (Fig. 3B lanes 3 and 8) . These results, however, were not due to contamination with bMON14272, as the PCR analysis demonstrated that the gp64 locus of revertant clone 1 was of the mutant type (Fig. 3A) . These data suggested that the gp64 gene integrated into the virus genomes of the revertants by nonhomologous recombination. As an internal control, the vp39 gene was detected in fragments of the predicted sizes (31,975 bp when digested with BglII and 29,009 bp when digested with PstI) in all viruses. To determine the sites of integration of the gp64 gene in the genomes of the revertants, we tried to sequence from within the gp64 gene out into the baculovirus genome by using an internal gp64 primer. In revertant 2, the sequences including the actin promoter and the gp64 gene were detected upstream of the polyhedrin promoter, where no homologous sequence was observed. In revertants 1 and 3, however, sequence analyses by the internal primer obtained only sequences of pAFgp64 and could not reach the integration site, due to a large insertion of the plasmid sequence (data not shown).
Characterization of pseudotype baculovirus carrying VSVG. Previous studies demonstrated that the gp64 protein plays a critical role in infection of various mammalian cells, as well as insect cells (66) . To determine if the pseudotype baculoviruses bearing foreign viral envelope proteins in place of gp64 can infect and express foreign genes within mammalian cells, we constructed a gp64-null pseudotype virus, Ac⌬64/VSVG/ CAluc, by the transfection of bMON⌬64/VSVG/CAluc, which encodes the VSVG gene under the control of the polyhedrin promoter and the luciferase gene under the control of the CAG promoter, into Sf9 cells (Fig. 1B) . As a control, we also generated Ac⌬64/gp64/CAluc, in which the gp64 gene under the control of the polyhedrin promoter replaced the VSVG gene in the above-mentioned virus. Sf9 cells were transfected with appropriate bacmids and incubated for 4 days. The pseudotype baculoviruses in the culture supernatants were concentrated and purified by ultracentrifugation (10 8 to 10 9 RIU/ml). To examine the expression and incorporation of the glycoproteins into virions, we transfected these bacmid constructs into Sf9 cells. The cell lysates and the purified virus particles were examined by Western blot analysis (Fig. 4A) . VSVG and gp64 4B ). Similar levels of reporter gene expression were observed in a dose-dependent manner in both cell lines following infection with Ac⌬64/gp64/CAluc and Ac⌬64/VSVG/CAluc. Ac⌬64/GFP/CAluc, however, was unable to infect either cell line. To confirm the role of gp64-or VSVG-mediated gene transduction into mammalian cells by the pseudotype baculoviruses, we attempted to neutralize 293T cell infection using VSVG and gp64 expression in Sf9 cells transfected with the bMON⌬64/gp64/CAluc, bMON⌬64/VSVG/CAluc, bMON⌬64/GFP/CAluc, or bMON14272 bacmid were examined by Western blot analysis using monoclonal antibodies specific for VSVG (P5D4) and gp64 (AcV5) (left). The incorporation of gp64 and VSVG into pseudotype particles, Ac⌬64/gp64/CAluc, Ac⌬64/VSVG/CAluc, Ac⌬64/GFP/CAluc, or AcMNPV, was examined by Western blot analysis using monoclonal antibodies specific for gp64, VSVG, and vp39 (236) (15, 24, 42, 48, 67) . Expression of these receptor molecules in Sf9 cells transfected with the bMON⌬64/ CD46/CAluc or bMON⌬64/SLAM/CAluc bacmid (Fig. 1B) and subsequent incorporation of the receptors into progeny particles (Ac⌬64/CD46/CAluc and Ac⌬64/SLAM/CAluc, respectively) were confirmed by Western blotting (Fig. 5A) . CD46 was detected in cells transfected with bMON⌬64/CD46/ CAluc and in the purified particles of Ac⌬64/CD46/CAluc, whereas SLAM was detected in cells transfected with the bacmid but not in the particles of Ac⌬64/SLAM/CAluc. The gp64, CD46, and SLAM proteins are all type I membrane proteins. SLAM has a 77-amino-acid cytoplasmic domain (23), while gp64 and CD46 have only 7-and 33-aminoacid tails, respectively (49, 60) . Therefore, we speculated that SLAM may be only inefficiently incorporated into baculovirus particles, due to its large cytoplasmic domain. To examine the effect of the cytoplasmic domain length on incorporation into baculovirus particles, we constructed a mutant SLAM molecule, SLAMcyto7, with a deletion in the C-terminal cytoplasmic domain that preserves only the seven membrane-proximal amino acids. Western blot analysis revealed that SLAMcyto7 was efficiently expressed in Sf9 cells transfected with bMON⌬64/ SLAMcyto7/CAluc and subsequently incorporated into Ac⌬64/ SLAMcyto7/CAluc particles at levels similar to those seen for CD46 inclusion into Ac⌬64/CD46/CAluc (Fig. 5A) .
To determine the efficiency of ligand-directed gene delivery, BHK cells were cotransfected with expression plasmids encoding the measles virus H and F glycoproteins of the Edmonston (EdH and EdF) or Ichinose (IcH and IcF) strain. These cells were inoculated with pseudotype baculoviruses (Fig. 5B) . Ac⌬64/ CD46/CAluc exhibited gene delivery specifically to cells expressing EdH and EdF, but not IcH and IcF. Although the efficiency of gene transduction was 10 times lower than that seen with Ac⌬64/CD46/CAluc, Ac⌬64/SLAMcyto7/CAluc could also deliver a reporter gene to cells expressing the Edmonston and Ichinose strain glycoproteins but not to control cells. While Ac⌬64/gp64/CAluc and Ac⌬64/VSVG/CAluc could effectively deliver a reporter gene to all of the cells examined, Ac⌬64/ SLAM/CAluc was ineffective against all of the cell lines tested, likely due to the lack of SLAM incorporation into the virions.
To confirm ligand-directed gene delivery by Ac⌬64/CD46/ CAluc and Ac⌬64/SLAMcyto7/CAluc to cells expressing appropriate measles virus glycoproteins, we tested the neutralization of gene transduction by specific monoclonal antibodies against CD46 and SLAM (Fig. 5C ). Gene transduction of target cells by either Ac⌬64/CD46/CAluc or Ac⌬64/SLAMcyto7/ CAluc, but not by Ac⌬64/gp64/CAluc, could be inhibited in a dose-dependent manner by anti-CD46 and anti-SLAM monoclonal antibodies, respectively. These results indicate that pseudotype baculoviruses can deliver foreign genes to target cells in a ligand-directed manner.
Entry pathway of the pseudotype baculoviruses. Virus entry occurs either by the direct fusion of viral envelope proteins with the host plasma membrane at neutral pH, as seen for measles virus, or following receptor-mediated endocytosis, as seen for AcMNPV and VSV, in which envelope glycoproteins undergo conformational changes into a fusion-competent state, leading to fusion between viral and host membranes at low pH within endosomes (6, 36, 69) . Ammonium chloride and chloroquine, which inhibit endosomal acidification, have been used as entry inhibitors for viruses that penetrate cells through receptor-mediated endocytosis (7) . To examine the entry pathways used by the pseudotype baculoviruses, we examined the infectivity of Ac⌬64/gp64/CAluc, Ac⌬64/VSVG/CAluc, and Ac⌬64/CD46/CAluc to BHK cells expressing EdH and EdF in the presence or absence of ammonium chloride or chloroquine (Fig. 6 ). Although these compounds inhibited gene transduction of BHK cells inoculated with Ac⌬64/gp64/CAluc or Ac⌬64/ VSVG/CAluc in a dose-dependent manner, gene transduction by Ac⌬64/CD46/CAluc was not inhibited. In contrast, ammonium chloride treatment enhanced gene expression following Ac⌬64/CD46/CAluc infection. These results indicate that the pseudotype baculoviruses utilize entry pathways conferred by the nature of the ligand protein replacing gp64.
Morphology of pseudotype baculovirus. To address any alterations in pseudotype baculovirus morphology, we examined the AcMNPV, Ac⌬64/VSVG/CAluc, and Ac⌬64/CD46/CAluc virus particles by transmission electron microscopy ( Fig. 7A to  C) . All of the pseudotype baculoviruses exhibited rod shapes and similar sizes, indistinguishable from the wild-type baculovirus. To examine the incorporation of exogenous ligands into the virion, purified Ac⌬64/VSVG/CAluc and Ac⌬64/CD46/ CAluc particles were examined by immunoelectron microscopy using specific monoclonal antibodies against VSVG and CD46 ( Fig. 7E and F) . In both pseudotype viruses, gold particles were detected on the virion surface from the stalk to the head domains, indicating that VSVG and CD46 were incorporated into the Ac⌬64/VSVG/CAluc and Ac⌬64/CD46/CAluc virus particles, respectively.
DISCUSSION
Baculovirus is a useful tool for gene delivery to mammalian cells due to the large capacity of the virus to incorporate foreign genes, the wide host range, and the lack of replication in mammalian cells, providing minimal toxicity (29, 53, 55, 61, 68) . The gp64 envelope glycoprotein, involved in attachment to both insect and mammalian cells, is required for low-pH-triggered membrane fusion following endocytosis during virus entry (6, 8, 12, 14, 20, 21, 31, 40, 41, 66, 69, 70) . We have previously demonstrated that the interaction of gp64 with cell surface phospholipids may be important in baculovirus infection of mammalian cells (66) . As the recombinant baculoviruses used for gene delivery to mammalian cells in this system retained the gp64 envelope glycoprotein, it was difficult to deliver foreign genes to specific target cells.
To generate a ligand-directed gene-targeting baculovirus vector, we established a bacmid system to produce recombinant baculoviruses in which the gp64 gene was replaced with other ligand genes of interest. The gp64 protein is required for efficient budding from Sf9 cells; the budding of a mutant virus lacking gp64 was reduced to 2% of that seen for wild-type baculovirus (49) . Although Ac⌬64/gp64/CAluc, a pseudotype virus in which gp64 was reintroduced into the gp64 deletion mutant, incorporated two to three times as much gp64 protein as seen in wild-type baculovirus (Fig. 4A) , the infectious titers The expression of gp64, CD46, SLAM, and SLAMcyto7 in Sf9 cells transfected with the bMON⌬64/gp64/CAluc, bMON⌬64/CD46/CAluc, bMON⌬64/SLAM/CAluc, bMON⌬64/SLAMcyto7/CAluc, or bMON14272 bacmid was examined by Western blot analysis using monoclonal antibodies specific for gp64 (AcV5), CD46 (H-294), and SLAM (123317), as indicated (left). The incorporation of gp64, CD46, SLAM, and SLAMcyto7 into pseudotype particles, Ac⌬64/gp64/CAluc, Ac⌬64/CD46/CAluc, Ac⌬64/SLAM/CAluc, Ac⌬64/SLAMcyto7/CAluc, or AcMNPV, was examined by Western blot analysis using monoclonal antibodies specific for gp64, CD46, SLAM, and vp39 (236) , and Ac⌬64/CD46/CAluc (C) were examined by electron microscopy. A typical rod shape was visible in all of the pseudotype baculoviruses. The VSVG or CD46 proteins were observed on the surfaces of Ac⌬64/VSVG/CAluc (E) and Ac⌬64/CD46/CAluc (F) by immunoelectron microscopy using specific monoclonal antibodies against VSVG and CD46, respectively. AcMNPV treated with the monoclonal antibody against VSVG was used as a control (D). The bars on the panels represent 100 nm.
VOL. 79, 2005 GENE TARGETING BY PSEUDOTYPE BACULOVIRUSES 3649
The replication competency in Sf9 cells of a gp64-null recombinant baculovirus could be rescued by incorporation of the VSVG gene (33, 34) . We confirmed that the recombinant baculovirus deleted the gp64 gene and instead incorporated the VSVG gene under the control of the polyhedrin promoter, was replication competent in insect cells, and exhibited a high level of reporter gene transduction into 293T and BHK cells. The compatibility of VSVG in this system may result from similarities of the structural and functional characteristics of VSVG to those of gp64; both proteins are type I membrane glycoproteins, exist in trimeric complexes, and are capable of inducing membrane fusion at low pHs (6, 50, 54) . Although the recombinant baculovirus in which gp64 is replaced with VSVG is able to replicate in insect cells and transduce foreign genes into a wide variety of mammalian cells, VSVG was suggested to recognize phosphatidylserine (58) or other ubiquitously expressed molecules other than phosphatidylserine (13) as a receptor(s), making it difficult to confer cell type specificity to gene delivery using VSVG pseudotype baculoviruses.
To establish ligand-directed gene delivery by pseudotype baculoviruses, it is necessary to propagate replication-deficient pseudotype baculoviruses possessing a ligand of interest in Sfgp64, a replication-competent cell line stably expressing gp64. After three rounds of passage of the pseudotype virus in Sfgp64 cells, however, replication-competent revertant viruses that had incorporated the gp64 gene were generated. Sfgp64 cells were established by transfection of Sf9 with a plasmid encoding the gp64 gene lacking any flanking sequences. Southern blot analysis revealed that the gp64 gene was integrated into the genomes of the baculovirus revertants by nonhomologous recombination. Homologous recombination between the AcMNPV genome and either a transfer vector (32, 38) , additional AcMNPVs (19) , or B. mori NPV can occur in insect cells with high frequency (27, 28) . In contrast, our data suggest that the revertant viruses were not generated by homologous recombination but by nonhomologous incorporation of the gp64 gene from the Sfgp64 chromosome into the viral genome. Nonhomologous recombination between plasmid DNA and the baculovirus genome was previously reported upon cotransfection into insect cells (71) . A gp64-null virus could propagate in Sf9
Op1D cell lines constitutively expressing OpNPV gp64 without incorporating the gp64 gene into the viral genome (33, 34) . One possible explanation for our result may be the difference between the gp64 genes of OpNPV and AcMNPV. Although the Sfgp64 cell line was established by sorting cells expressing a high level of gp64 on the cell surface, the expression level of gp64 might be lower than that of the Sf9
Op1D cell line, and the lower level of expression of gp64 might result in the selective amplification of revertants. To circumvent the high-frequency incorporation of foreign DNA into the baculoviral genome, we attempted the lipofection of recombinant bacmids into Sf9 cells instead of amplification of pseudotype baculoviruses in Sfgp64. Although it is not possible to obtain a high pseudotype virus titer by this method, we can generate pure virus stocks without any contaminating replication-competent baculoviruses incorporating the gp64 gene. To prepare a high-titer stock of a replication-deficient pseudotype baculovirus carrying a foreign ligand, however, it is essential to propagate the pseudotype virus in Sf9 cells expressing gp64 without the transfection of plasmid DNA. Expression of gp64 by RNA transfection, RNA viral vectors, or the RNA replicon system may be able to avoid the incorporation of gp64 DNA into the baculovirus genome.
We constructed a pseudotype baculovirus, Ac⌬64/CD46/ CAluc, bearing human CD46 in place of gp64 on viral particles. CD46 is a multifunctional protein involved in the infection of various microorganisms and the regulation of complement activation (10) . CD46, also known as membrane cofactor protein, protects autologous cells from complement attack by serving as a cofactor for factor I-mediated inactivation of C3b and C4b, blocking the complement cascade at C3 activation (2) . CD46 also serves as a receptor for human herpes virus 6 (56), group B adenovirus (17, 59, 62) , bovine viral diarrhea virus (39) , two bacterial strains (Streptococcus pyogenes and pathogenic Neisseria) (26, 46) , and the Edmonston strain of measles virus (15, 42) . In this study, we demonstrated that Ac⌬64/CD46/CAluc exhibited specific reporter gene transfer to and expression in BHK cells expressing the measles virus H and F glycoproteins of the Edmonston strain but not those expressing the Ichinose strain glycoproteins that require SLAM as a receptor (67) . Therefore, a CD46 pseudotype baculovirus bearing a suicide gene may be able to eliminate cells expressing pathogen ligands that utilize CD46 as a receptor. Furthermore, CD46 is frequently overexpressed on cancer cells, possibly serving as a mechanism to overcome lysis by complement (16) . In support of the potential utility of this vector, the Edmonston strain of measles virus has a potent and selective oncolytic activity (52) . CD46 pseudotype baculovirus may also be applicable for the clearance of tumor cells surviving oncolytic measles virus treatment.
Infections with Ac⌬64/gp64/CAluc and Ac⌬64/VSVG/CAluc, carrying gp64 and VSVG on the particles, respectively, could be decreased by treatment with ATPase inhibitors, chloroquine, or ammonium chloride, while Ac⌬64/CD46/CAluc was resistant to treatment. This finding suggests the possibility of constructing a baculovirus vector capable of both targeting and modulating the viral entry pathway, as seen for VSV (7) . This is different from influenza virus vectors, where acidic exposure within endosomes is critical for the dissociation of the matrix protein from the ribonucleocapsid (9, 37) . In contrast to Ac⌬64/CD46/CAluc, Ac⌬64/SLAM/CAluc could not incorporate the full-length SLAM molecule into particles, preventing specific gene transduction. The inability to mediate gene delivery was not due to the absence of an interaction with specific targets, as Sf9 cells expressing SLAM induced membrane fusion with BHK cells expressing the H and F glycoproteins of either the Edmonston or Ichinose strain of measles virus (data not shown). The ligands incorporated efficiently into baculovirus particles, including gp64, VSVG, and CD46, all have relatively short cytoplasmic domains, measuring 7, 29, and 33 amino acids in length, respectively (49, 54, 60) . In contrast, SLAM possesses a cytoplasmic tail of 77 amino acids (23) . We therefore hypothesized that the length of the ligand cytoplasmic domain may be critical for efficient incorporation into baculovirus particles. Ac⌬64/SLAMcyto7/CAluc, possessing a mutant SLAM molecule with the C-terminal 70 amino acids of the cytoplasmic domain deleted, efficiently incorporated the mutant SLAM into particles and exhibited specific gene delivery to BHK cells expressing the H and F glycoproteins of both measles virus strains. Although the mechanism by which SLAM incorporation into baculovirus particles is enhanced by C-terminal truncation of the cytoplasmic domain is not known, one possibility might be a change in SLAM localization. The gp64 protein localizes to the cell surface but is excluded from lipid raft microdomains (72) . As VSVG and CD46 also do not associate with lipid rafts (35, 57) , proteins localized to lipid raft microdomains may be excluded during virus assembly and budding. Although the cellular localization of SLAM is not known, further studies will be necessary to clarify the relationship between cell surface localization and incorporation into baculovirus particles and to test the involvement of lipid raft microdomains in this process.
Mangor et al. demonstrated that gp64-null baculoviruses pseudotyped with VSVG were not morphologically distinguishable from budded wild-type AcMNPV particles (34) . We confirmed that Ac⌬64/VSVG/CAluc, as well as Ac⌬64/CD46/ CAluc and Ac⌬64/GFP/CAluc, exhibited a morphology similar to that of AcMNPV. These results indicate that expression of gp64 is not required for the morphogenesis of a rod-shaped structure for budded AcMNPV particles. Immunogold labeling of Ac⌬64/VSVG/CAluc and Ac⌬64/CD46/CAluc revealed that the VSVG and CD46 proteins were incorporated into and distributed throughout the whole viral surface. These results are consistent with previous observations that VSVG fusion proteins were distributed throughout the stalk and head domains of baculovirus particles, in contrast to gp64, which was primarily localized in the head domain (11, 44) .
In this study, we have demonstrated the capability for liganddirected gene delivery by pseudotype baculoviruses in vitro. For future in vivo applications of baculovirus vectors for gene targeting to specific organs or virus-infected cells as a method of treatment of inherited or infectious diseases, it is imperative to exhaustively study the transcription of baculoviral genes in mammalian cells for certification of safety. In addition, further studies are needed to establish replication-competent cell lines capable of supporting the propagation of pseudotype viruses without the possibility of replication-competent virus breakthrough by incorporation of gp64 and to optimize the conditions necessary for the efficient incorporation of ligands into recombinant baculovirus particles.
